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Abstract

Perhaps the single most important experimental requirement for the

evaluation of the mechanical behavior of enqineering mdterials is the

determination of stress distributions under load. Experimental stress

analysis is the basis for much of the engineering research and

development presently conduicted on solid materials,. Many techniques

have been developed for this purpose. However, sonic situations require

very special procedures. -If loads are applied synamrically as in the

cases of cyclic (tatigue) loading or vihration loading, measuring thle

full field stress distribution is greatly complicated. And secondly,

when daliage developgs in materials,, stronqi 71 'WiIW ir, weits in s~tr(-s

resul It which a rv ritical ly i 1 1ri it i t t ho dot erinat in ft t he

remaining st nrr!* I i t t, of the component .

LUdmdge devel opiment i n compos ito ma ter ialIs under cyc I i: endi dyrl Am i C

IoaI jng i s an e,;iw ja l Iy imiportant xav~it' 1 1 o ti spoc i ' e I 1k-'

* .0.



materials have become an important part of the economy of the United

States and critical to its defense. Yet, an understanding of their

durability and damage tolerance has not been established. Hence, we are

unable to predict, from mechanistic model,, the strength and life of

these materials in service. A major obstacle to progress in this area

is the lack of a technique to measure the complex stress distributions,

especially during the fatigue or vibratory loading common to service

conditions. -. In the last few years a new device has been developed thdt

has demonstrated the capability to measure such stress fields using the2
principal of adiabatic temperature change pattern analysis, The present

program provided support for the purchase of that device, which was used

for stress analysis in a variety of DoD research programs at Virginia

Tech, with special emphasis on the evaluation of stress fields in

composite materials, especially during life-limiting damage development.

Research Program:

The instrumentation obtained in the present prograI was sed to

support several existing and proposed DoD research programs a', descrihe

below. However, the principal thrust of tioe applications referred to in

this report will he concentrated in two on-qoinq Dol) reserch etfforts as

described ir this section. The thermoelastic instruttniation ohtain,(d

with this qrant i,, intrare(i rad iation t, 1,,'n1 tly ,r,, irif,1to loilI

temperature changes produced by the thvr;;totel t if ettert in prul)ortior,

to the distribution ot stresses. lthe equipmnt 'I d the tol Iown'I,

impor, tant feature,, in the context (it present applicatorns.

a. The remote cawra Iai- (,)rpi et mrf,,a of artual or I
st ru( tir', .

. I arqt, or ili . rt ,d I r , ,
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c . The camera maps stresses in striict.ijre,'; ov(,r a vry wide r, irfo
of dynamic loads, including fatigue conditions.

d. High sensitivity, in the range of a few hundred pounds per
square inch of resolution, is possible.

e. Display and data analysis are immediately obtained.

f. The equipment is aided by microprocessor-controlled functions.

y. Calibration routines insure accurate quantitative analysis tor
a range of materials.

This device has made possible an entirely new comprehensive scheme for

the interpretation of damage development in composite materials. For

example, it is now possible to establish quantitatively the precise

nature of stress redistributions caused by the development of complex

patterns of matrix cracks, delaminations, and fiber fractures normally

associated with damage development in these materials. Research

conducted by the authors, and others, stringly suggests that these

redistributions control the remaining strength and life of composite

components. Hence, it should he possible thi ( (levelop me; lid ld tic iidtI s

of the remaining stren(Ith and life tinder those conditions, a pnssihility

of great potential value to the prediction of durability, damdge

tolerance, safety , and certified life of corposite strujctu res.

Moreover, these thermoelastic techniques are of i n,,stiah I , u, ti)

basic research ett trts since they provide an IhsoluIt , lini !,'w,PLr1 tim.

micro-mechanics ot damage developmnt ani te, str.ss ftields as)i at el

with those events. Indeed, it is hard to imagine d riore powertul 'T ,t

that could be taken in the area of expeririental dimauie analysis i n

conposite materials.

The first majir research proqrari whic h the new i ust rmmnirmt it I()I) h 1-

supported is t it ,ec "Invest i at i on (uf Pii itle ,I1rwth in r .,."omsi



Laminates: and is supported by the Air Force Office of Scientific

Research under Grant No. AFOSR-8b-0087. The principal investigators on

that program are K. L. Reifsnider and W. W. (,tinchcoiih. The objectives

of that program are to develop an understanding of damage initiation and

growth in notched composite laminates and to develop a cumulative damage

model which can be used to predict the strength, stiffness, and life for

various load histories.

This research program involves an attempt to develop the first

mechanistic model of cumulative damage development in notched composite

laminates subjected to tension-tension, tension-compression, and

compression-compression fatigue loading with constant and variable

amplitudes. The mechanistic model that is tinder development is based on

analytical representations of two hi s ic physical phernmond--the

degradation of physical elements in laminated comvposite mal orials, dfl(

the internal redistribuition oi stress (a, ised by the ;ai : re uf

suhcritical elemecnts in those hmlaterial s (urinq ry _li loadinq. I he

experimental proyrdin associated with this 't t ort. has ,-liar y

demonstrated that the stress redistrihi jtionc hav, a c ritical infllIUerce

on the subsequent damage devPlopment ano th, re'mainit' st rertith vid Ill'*

of the notched laminates. The detrmni nat ion o ft hese t rtm

red is t r ib Uti On SI %' 111 extremely dt'ildfi1 I n J . Ths r e (Ii t 1b 1t 1 (

are presently heing slowly and mot icjloi ly dtterrvine(d ' ,sir, i I ,I

diffraction technique which requires a highly s p,)h'stlcat,',t 'Xi'-1,',or ,',

laser-hased optical system and the, hondiiq ()t very ti, I, W

diffraction gratiiqs onto eatr o! tho .IP( IP'frS i hi' .X I I, . I,', d '

of the delicatp ( ,,nplexity t t t .,i i i . it ,,l ot . : ', i

" I " ~ ~ ~ ~ C " I °,- I " " " " 'l I# il I i " o i° it 111" " ' . Il)I," if " I -I ' ". - - - . ' ' ' " " " % %



application is not possible. Hence, the chronology, duration, and time-

dependent details of these stress redistrihutions cannot be determined

even with that technique.

The thermoeL. j i rn,, tir' t .rll,1 11)1 jUl h,0..d in lh I oi,',e.r l prnurp

has made a critical contribution to this problem. The present

investigators have shown that it is possible to record thermoelastic

patterns which define the strain contours around the center hole in d

notched composite laminate coupon specimen, and to follow these

distributions as damaye development causes stress redistribution in the

laminate. Moreover, the initial thermoelastic patterns (before damage

development has occurred) have been compared with both photoelastic hacK

reflection patterns and analyticdl predictions of the strain profiles to

verify the technique. To our knowledge, this is the first successful

application of any method of direct niasuretont of strain distributions

to a cycl ic lo'ii 0111% t. Moreovter, it is te first dj) 1lictt.ior .)o

thermoelastir st fin measurement tn ini ,,)t rpli c wat ri ld s Suh 1

t i brous comlipos i t, sys tesis. evrai relp rt., ,tad plpor s d s,. r i hi ni th i.h

work are under prplaration.

"uri ng the .()ui re of this wor , the aut hors made a very ',tatL Ii ng

discovery. When the thermoelastic. strain distributions ar olunJ a noltch

such dS a .erLer lhui in an ani,,ot rpi( .i , S110 l', I .

fibrous conposit !latterial coupon, were oupard wit! tn ar alytiCad

coilnut ations ot s1( h pItt prw' Wit d I O t f ro.., Ior,,u Iit 1, n, ,t

therr'ielasticity whi(ch aipedr III th. li ,.ritur+, it wd'. tOlnl thIl t'1.

analyticdl predit I lm., were not evt, ,p 1 'ro itt, rr i t . |.', wort.

not discrepan(ils )r ,littvirenit 1 T '' !1 i, t , t ,' ifilttI . with

dppr A iiiiat 1 -nn , Iii' r .,. , , ,



misrepresentation of the physics by the analytical treatments. The

present authors returned to first principles of physics and reformulated

a micro-mechanicaL lhermoldtic lheory which WdS Lhen dpplied to the

anisotropic comp Oito inaterials undr test with dramatic success. Th is

is, without question, the most salient success of this research program

to date. It is a breakthrough in the sense that the classical

thermoelastic theory for anisotropic materials does not describe the

thermoelastic temperature distributions associated with the nonuniform

strain in the neigqhhorhood of notches in dnisotropic materi dS such as

laminated composites, but the micro-mechanical thermoelastic theory

proposed by the authors Mdtches every pdttern recorded to (late. I his

work is also being prepared for publication.

The title of the second program to he discussed is

"Vibrothermoyraphy: Development of a New Nondestructive lesting

Tech nique tor Compn,,i te Materials." hi s bIs p reo rmd1 is funded hy the Ariy

Research Offire under (rant DAAG-?I-79-(-()()3/. The principal thrust of

that research program is to develop the nondestructive test technique

cal led vi brotherio(iraphy for th pu rposev of the detecti on,

interpretation, ariA analysis o f dad(;0 doe v v I oJ it. in - Ipos .e

materials during quasistatic and cyclic loading for the purpose of

determining and predicting the ,trength. stiffness, ani lite of thos,

Tiaterials in eninering component. s h. Ihe con oinet ond technique )t

i brothermo(Iraphy was oriqi nat d l y invve5t iqdt(or', in t he MI)t'ri j 1-

Response Laboratory, authors of tti, report , it Vir 1 i a Itch II . In

sirplI e and generaI terms, the techn i i.f i :i )rl )r at w ', r r( d ical

excitations ot v,r i )w f rotpien. w,. .frd a!ipl 1, t I, o li'eI I)Pt i 1'

heat eni ssion Iy t he Iwr-c i n ril.,r exau'inat ion. Ih I s Ihqyt or IS ir

.,%*



forms temperature patterns which re related to the internal

distributions of stress and the development of damage during the loading

processes. lhese patterns CdI he di rectly reIdted to Lhe co IIllective

influence of the complex distributed damage events that control the

stiffness, strength, and life of composite materials. This new

technique has attracted a great deal of attentiun in the last few years

and has been adopted for use in research and development by a number of

laboratories including several NASA installations and Army labs. under

a DoD contract (#DAAG 29-76-D-0100) the authors recently wrote a state-

of-the-art review of thermography as applied to composite materials in

association with the Manufacturing Methods and Technology (MANTLCH)

Program. (See Ref. [?].) The present authors have written over a dozen

other articles on the technique, as well as a recent chapter in a book

(Ref. [31) and are presently negotiating a contract to write a monograph

on the subject.

The instrumentation purchased through the present program is being

used to provide the critical link in the research program described

above. The vibrothermography technique that we have developed is

capable of measuring only dissipated energy, i.e., the energy that is

released in the form of heat as a result of damage formation processes

in the interior of the composite (or other) materials being studied.

While information regarding the energy released by these processes is

critical to the detection and interl)retation of damage, it is only half

of the story. It is equally critical to know the stress distributions

and redistrihutiogs associated with those damatle events. That

information is pr,,ort ly miss i nI in the vi hrot herin 1 iraphy techrii, uv, tjlo t

is used, and reprosents a major obstacle ti) continued development. ot

7
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this important method.

As this effort progresses, the thermoelastic instrumentation will

make possible for the first time a complete analysis of the changes in

energy associated with damage development in CoIMpoSite materials

subjected to load histories associated with in-service environments.

Energy released by damage formation can be detected by vibrothermography

while energy stored by elastic deformations can be detected by

thermoelastic temperature changes.

Other Anticipated Applications:

The instrumentation purchased in this program is a unique computer-

controlled instrument for non-contact measurement of dynamic stresses in

components and structures. The need for such a capability is pervasive

and important in nearly all research conducted on the mechanical

response of solid materials. The instrument purchased from the present

grant will directly impact and support seven on-going Department of

Defense research contracts listed below, having a total level of support

of about $1,450,280;.

"A New Nonlinear Model for the Loading and Unloading [Rehavior of
Carbon-Carhon Composite Materials," NSWC/Dahlyren, S81,63.

"Investigation of Micro-damage in Composite Materials," ARO,
$36,434.

"Virrothermography: Investigation, Development and Application of
a New Nondestructive Evaluation Technique," ARO( D)AAG-29 -1/ -(;-o)( 3 1 ) $ 2 , / 2.

"Center for Adhesion Sciencp," ()NR (N0(W)l4-R?-K-0l:',5), $37,181.

"An Interdisciplinary Approach to the Prediction and Modeling of
Structural Adhesive londing,"

"Application of Lightweight Composite Materials to Naval Weapons
Systems," Navy/NRCC, Philadelphia (N0o]40-83-C-6684), $9'4,921.



"High Performance Elstomers and Other Multi-Phase Organic

Comilposit , , ," ARO (I)AA(-2'980-K- ())093) , $0()0,(0().

"Fundamental Studies of the Effects of Thin Polymeric Surface Films
in Reducing Fretting Corrosion and Wear," AR()
(DAAG-29-83-K-0157), $15,000.

It is not prudent or possible to describe the exact relationship of

the proposed instrumentation to the activities of each of the research

programs listed above. Instead, three of the programs will be

specifically mentioned below to provide a cross-section of that

interaction.

The first example program is supported by the Office of Naval

Research, a grant titled "An Interdisciplinary Approach to the

Prediction and Modeling of Structural Adhesive Bonding." lhe contrdct

number for that grant is N00014-82-K-0185; the program is funded at a

level of about $200,000 per year. The object of that program is to

briny about the interaction of students and faculty from the disciplines

of chemistry, materials, and mechanics to utilize a combindtion of

principles from those disciplines so as to achieve the control,

analysis, and property prediction of adhesive bonds in engineering

structures. This program is the centerpiece of the newly estahlished

Center for Adhesion Science which was initiated at Virginia Tech in 1982

with enabling fjnds from the Office of Naval Research. The purpose of

that Center is to create a climate for the interaction of students and

faculty, to provide laboratory assistance for such studies, and to

produce graduates who are knowledgeable in the science and engineering

ot adhesion and adhesive honding.

The two major concerns of this research program are the integrity

of the adhesive bond and the stress tields arld dletormation t ,,Ids thdt

%'



develop in those bonds. The instrumentation requested in this proposal

will directly impact the study of both of those subjects. At present,

there is no suitable method or technique available for the study of

stress distributions and adhesive hond-, especially under dynamic

loading. While some efforts have been made to use embedded strain gages

and a variety of optical techniques to obtain limited information about

those stress fields, there is a critical need for a technique which has

more general capabilities for the measurement of these stress

distributions and their changes during the loading of adhesive bonds.

All available information suggests that the requested instrumentation

could make an important contribution to this need.

The second need mentioned above is for a technique to assess Lne

quality of integrity of an adhesive bond. One of the factors known to

influence this integrity is the presence of flaws or defects such as

porosity and poorly bonded regions. these defects are known t )

influence the micro-stress distributions in a complex way that has not

been determined. It is proposed to attempt to apply the requested

instrumentation to the study of such micro-stress variations. In

general, stress distributions in joints are complex and nonuniform. The

instrument that is requested in this proposal is designed specitically

and exclusively for the purpose of determining the nature of such

nonuniform stress fields.

The second ex,imple prongram to he rmtn tionel ixplicitly is firnd(d by

the Army Research (Itfice under Grant #DAAG-29-,)-K-()093, ind i ; titled

"High Performance Elastomer. and ther Mu I t, i -Phase 0 r'an i c

Composites." The total level ot support for that resedrch contract is

about $80000,0. The nleneral objctive of that proqrai is to ievelnp,

11)



characterize, and apply multi-phdse organic composites which are said to

be "self-reinforcing."

Two general classes of materials are addressed by this example

program: elastomeric block co-polymers, especially co-polyesters, and

thermotropic liquid crustal polyesters. A number of these systems can

be formulated and fabricated in such a way that the micro-phases

separate during solidification to form "reinforcing" phases at the

molecular level. In a sense, they are molecular composites. As such,

they are anisotropic and inhomogeneous at the micro level and have bery

complex stress distributions when loaded mechanically. Fromi arn

engineering standpoint, one of the more important characteristics of

these materials is that the reinforcing phases can be made to follow the

directions of flow when these materials are fabricated. For example, if

the material is cast around a bolt to form a bolt hole, the molecular

reinforcement arranges itself to coincide with the flow pattern around

the bolt. ] his flow-related reinformcemont q reatly influ'mnces the

subsequent stress distributions in the vicinity of stress concentrations

such as notches, bolt holes, and other cutouts. Since these materidls

are almost universally opaque, there is presently no optical technique

that can be applied directly to the determination of the stress

distributions under such circumstances. Hence, it is very ditficult to

study this self-orienting effect and the positive or negative aspects of

the stress distributions that occur because, of those phenomena. It is

anticipated that the proposed instrumentation will enable investiqaturs

to study the complex stress distrihutions associatod with self-

reinforcing (molecu lar) composites in yenm(,ril and to study the complex

II
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stress fields associated with flow patterns and el f-orientation of the

molecular reinforcements in particular.

The third example program is titled "Fundamental Studies of the

Effects of hin Polymeric Surface Films in Reducing Fretting Corrosion

and Wear." This program is funded by the Army Research Office under

Contract #DAAG-29 1,3-K-0157 at a level of about $15,100. The objective

of this example program is to understand the nature of the effects

caused by the application of thin films of polymeric materials to

metallic surfaces which undergo small amplitude relative displacements

due to vibration loading.

While the enqjineering aspects of friction and wear have hern

studied for some time, the fundamental principles associated with such

behavior are incompletely understood. One of the obstacles to the

development of such understanding is the extreme difficultyinvolved in

the development of experimenta I techniqcwui which can b(, used to

determine the physical behavior associated with friction processes. The

objective of this example program is to alter just such processes, and

to develop an understanding of how that alteration inf I jences the

resultant behavior. However, it is extremely difficult to obtain an

information regarding the deformation processes that occur in the

polymeric film that is applied between the two metal lic su rtares. One

experimental scheme that is presently beirnU attempted is to rep )ac, one

of the metal sirl aces with oi t rdnsparent ridteridl so that the

interaction hetween the polymeric tiliii and the frct i crfocms Cn h,

or)served optically. It would bf of q rtat. Va 1 Le if, under those

ci rcumstances , the proposed i nst r ent cti n (. m I d he Ised to als()

(d(,termi ne the natir (, of the stros, fiel ds t ,at. d ,v(,l )p in t he olmoric

S .. .. . . . :.*~K ...



film and the surrounding surfaces during the wear process. Indeed, the

successful observation and (piantitative determination of such stress

fields would be a breakthrough in this field. Hence, the thermuelastic

stress analysis device purchased under this contract proposal will be

used to attempt to determine the nonuniform stress fields associated

with fretting and friction and wear processes, especially for situations

in which thin polymeric surface films are introduced to reduce the

degradation associated with those processes.

Application of the instrumentation to other research efforts that

are supported and of interest to the Department of I)efense could he

discussed. The number of such topics that are related to stress

analysis is large--topics associated with such general fields as the

validation of analytical and numerical stress analysis, the detection

and investigation of stress anomalies associated with defects and stress

concentrations, study of creep and fatigue behavior, nondestructivo

testing and evaluation, and general materials testing. While technical

limitations will certainly prevent the instrumentation frow being

successful in its application to all of these topics, it would appear

that this instrumentation which operates on the hasis of simple physical

principles holds the promise of opening up entirely new areas of

experimental investigation that can reasonahly he expected to have a

major impact on the objectives of a variety of Department of Defense

research efforts.

Closure:

The purchase of the Thermolast ic Stress A1nalysis Sys, ,11 with the

DoD-URIP grant and the associated research pr(uIra1, has satistied every

13



goal and objective stated in the original proposal. Indeed, it has far

surpassed the original expectations in the sense that a breakthrough in

the understanding of the therwoelastic efIect in anisotropil materials

has been achieved through the interpretation of data developed with this

device in support of a new micro-mechanical formulation of anisotropic

thermoelastic theory. Not only has the device made significant

contributions to the understanding of damage development and growth in

composite materials, it has opened up a new investigative avenue to

researchers and engineers who are concerned with the degradation of

materials over time and the associated modeling of remaining strength

and life, matters which are of great consequence to the safety and

reliability of engineering components and structures. The useful life

of this equipment has not been determined since it has only been in

service for about five years. However, the present authors hve had

extensive experience with thermographic equipment which is quite similar

in basic construction to this device, which indicates that, with minu

repairs, the instrument can he maintained in essentially perfect worriny

order for periods of 15 to 20 years.
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